Abstract. The nitrogen-productivity (N-productivity) concept represents one approach for development of algorithms for expansion from the individual tree to stand or landscape levels of estimation of primary production across the Earth's surface. A simple equation based on the N-productivity concept can be used to estimate plant production from the individual tree to stand level geographic units. Maximum N-productivity equations were developed for balsam poplar, white birch, and white spruce on an individual tree basis for the taiga of interior Alaska. Maximum N-productivity equations were also developed for aspen, balsam poplar, and white spruce on a unit area basis (square meters). A single equation for all species sampled and individual stands was developed on a unit area basis. The calculated productivity for test stands was in close agreement to the measured productivity from the landscape perspective. The set of equations presented can be used for calculation of taiga forest productivity in a geographic model developed within a GIS (Geographic Information System) software package in which the landscape unit is an integral part of the model structure.
INTRODUCTION
The N-productivity concept (Ingestad 1977 (Ingestad , 1987 (Ingestad , Å gren 1983 (Ingestad , 1996 or the foliage nitrogen efficiency concept (Kimmins 1993) represents an approach to estimate primary production of an individual tree to stand or landscape levels across the earth's surface. Linking the understanding of spatial, temporal, and spectral components of a landscape will be a challenging task over the next several years (Roughgarden et al. 1991 , Ustin et al. 1991 . The development of methods to estimate the thermal structure of the land surface are well on the way (Wessman 1990 , Rignot et al. 1994a ). The estimation of various land surface characteristics, such as vegetation biomass (Rignot et al. 1994b ) and foliage chemical concentrations (Matson et al. 1994) , is also progressing. However, the use of data sets in simulation models at the tree, stand, and landscape levels is just starting. One means of facilitating this development is to run ecosystem simulation models within a Geographic Information System (GIS) framework at various plot (individual unit, cell) sizes without changing the structure of the entire model. The capability to model ecosystem dynamics at various spatial scales within a GIS framework will result from a simple change of the basic cell size. It should be possible to easily expand from an individual tree model of growth at a cell size of 1 m 2 to a stand or landscape level with cell sizes of 1 ha to 1 km 2 or greater. As a first step in this process, the nitrogen (N)-productivity concept (InManuscript received 1 July 1996; revised 10 December 1996; accepted 26 December 1996 26 December . gestad 1977 26 December , 1987 26 December , Å gren 1983 26 December , 1996 can be used to model forest growth as a subroutine within a GIS environment.
This paper will examine the use of a simple equation, based on the N-productivity concept, to estimate plant production from the individual tree to stand-level geographic units. It then will be possible to estimate the maximum production for areas of the land surface based on foliar N content derived from a combination of Synthetic Aperture Radar (SAR) estimates for aboveground biomass (Rignot et al. 1994b ) and multichannel remote sensing measures of canopy chemistry (Matson et al. 1994) .
Nitrogen-productivity concept
The N-productivity concept (Ingestad 1977 (Ingestad , 1980 (Ingestad , 1981 (Ingestad , Å gren 1983 (Ingestad , 1985 can be defined as the amount of annual production per unit of foliar nitrogen:
where W is plant or stand aboveground biomass, t is the time frame of consideration (day to year), Pn is the N productivity (biomass production/foliar nitrogen content), N is foliar nitrogen content, f is the rate of foliage tissue mortality, and W f is foliage biomass. At steady state nutrition [d(N/W)/dt ϭ 0] the plant growth rate is proportional to the amount of foliar nitrogen and the N productivity (Pn). The N productivity is at a maximum during the exponential growth phase and is dependent on a number of plant properties, including genotypic properties, weather conditions, self-shading, and ageing. There is a decrease in the N productivity factor due to self-shading and plant ageing (Å gren 1983) such that:
where Pn max is the maximum N productivity and b is considered an ageing and/or light extinction parameter. Eq. 2 represents a method to calculate the N productivity of individual seedlings (Ingestad 1979a, b, Ingestad and Kähr 1985) and stands of trees (Å gren 1983) . The decrease in N productivity due to self-shading and ageing will vary during growth and may be zero in the early stages of the growth of the plant. Then b in Eq. 2 can be represented by a simple function that is zero until a defined foliage biomass is accumulated. It should be possible to develop both Eqs. 1 and 2 for calculation of the N productivity for individual trees and forest stands on a specified land area basis.
METHODS

Individual-tree N productivity
A total of 239 white spruce (Picea glauca), 24 aspen (Populus tremuloides), 58 white birch (Betula papyrifera), and 33 balsam poplar (Populus balsamifera) trees were available for calculation of the observed N productivity. The trees were randomly selected from a number of successional sites within the Bonanza Creek Experimental Forest (BNZ) Long-Term Ecological Research (LTER) program (unpublished data available on BNZ LTER World Wide Web home page) 1 and Yarie and Van Cleve (1996) . N productivity was calculated based on (1) midseason, green-foliage (dry mass) N content for 1989 and (2) aboveground tree production based on the difference in calculated biomass between 1989 and 1993 converted to a yearly average. N productivity was calculated for all the sampled trees. The trees that represented maximum N productivity values for 2-cm diameter classes were selected for the N productivity analysis. This subset included 33 white spruce, 10 aspen, 14 white birch, and 26 balsam poplar, and represent the maximum N productivity.
N productivity for individual trees was calculated by dividing estimated aboveground production by the foliar N content. Aboveground tree biomass was calculated by determining stemwood and foliage biomass for the hardwoods and total biomass for white spruce in 1993 and 1989. The biomass estimates were based on a set of allometric equations developed from sample trees within interior Alaska (Yarie et al., unpublished data) . Annual production for hardwoods was calculated by subtracting the two stemwood biomass values and dividing by the number of years between the estimates of biomass. Foliage production for hardwoods was estimated as the biomass in both years and divided by two to obtain an average. Annual production for white spruce was estimated by calculating the difference in 1 URL ϭ http//www.lter.alaska.edu total biomass in 1993 and 1989 and then dividing by the number of years. This will result in a small decrease in total aboveground production for white spruce because litterfall was not included. This yielded a data set that was not associated with a specific landscape unit but instead represented a range of site qualities.
To develop landscape units for individual trees, the estimates of foliar N content and N productivity were converted from an individual tree basis to a 1 m 2 unit area basis. The space occupancy for each tree in the sample was estimated. The space occupancy of each individual tree was based on a calculation of the number of trees in a fully stocked stand (Yarie 1983b) , assuming that the trees' diameter at breast height represented the average diameter for a stand. The space occupancy of an individual tree was the stand area (in hectares) divided by the number of trees in a fully stocked stand and expressed on a square meter basis. The number of trees in a fully stocked stand were estimated using the tree diameter as the hypothetical average for a stand. This calculation was considered to represent the ground surface occupancy of an individual tree. The surface area N productivity (N productivity per square meter) of the individual tree was the total tree N productivity divided by its estimated ground surface occupancy. Trees for this analysis were selected based on classes of foliage biomass per unit area (in kilograms of foliage per square meter) for each species. For aspen and birch 25 kg/m 2 units were used, while 100 kg/m 2 classes were used for balsam poplar and white spruce. This resulted in separate data sets between the tree analysis and the unit area analysis.
Tree chemistry data (Yarie and Van Cleve 1996) were collected from BNZ-LTER successional sites in both the uplands and floodplain locations. The chemical analysis of the foliar material was performed as described by Yarie and Van Cleve (1996) .
Stand-level N productivity
Calculation of the N productivity of stands of trees was based on data from the United States Forest Service (USFS) inventory of the Porcupine River Drainage, Alaska (Yarie 1983b , Setzer 1987 and stand data from the vicinity of Fairbanks, Alaska ). None of these stands contained any of the trees used for the individual tree calculations. The stands represented independent measurements of stand foliar nitrogen content, stand productivity, and stand N productivity. Because independent estimates of foliar N concentration between trees and stands were required for each data set, and the potential stand-level data sets that could be developed from the individual tree data sets were not used, the total number of available standlevel measurements for white spruce stands was limited to seven, one each for aspen and balsam poplar, and two for birch stand types. The USFS inventory data set represented 0.404-ha plots and the remaining plots from the Fairbanks area were ϳ0.1 ha in size. The area Finally a stand-level data set was developed based on the BNZ-LTER sites in both the uplands and floodplains. This was developed from stands in which individual tree information was gathered. On the floodplain, the alder-balsam poplar site (FP2), the balsam poplar-white spruce site (FP3), and the mature white spruce site (FP4) were used. In the uplands, the hardwood-white spruce site (UP2) and the mature white spruce site (UP3) were used. The FP2, FP3, and UP2 sites were 150 m 2 in area; the UP3 and FP3 sites were 225 m 2 . Annual aboveground production was estimated by comparing the estimated biomass in 1989 to that in 1993. Foliage biomass was the average of that estimated in 1989 and 1993. Foliar nitrogen concentrations were estimated in 1989 (Yarie and Van Cleve 1996) . The tree-and stand-level N productivities were then estimated by dividing the aboveground annual production by the foliar nitrogen content. Aboveground annual production, foliage biomass, and N productivity were all estimated on a 1-m 2 unit area basis.
Statistical analysis
Coefficients for Eq. 2 were estimated using the SAS Insight statistical package. Stand-level N-productivity data were compared to the 80% confidence limits for the individual tree data set expressed on a unit area basis. If the stand-level data fell within the 80% confidence limits, the stand-level data were considered to not be significantly different from the tree-level data. At this point a curve was generated for the combination of the individual tree and stand types per unit area (in square meters).
RESULTS
Individual-tree maximum N productivity
Aboveground whole-tree N-productivity relationships were developed for balsam poplar, birch, and white spruce trees (Table 1 ). These equations represent the maximum estimated N productivity of individual trees and are not related to a unit area basis. Because of the sample size in the white spruce data set, both a linear and natural log form of the equation were produced. Both of these equations were significant with the natural log form having a much higher r 2 than the linear version (Table 1 ). The aboveground whole-tree aspen data set resulted in a nonsignificant relationship due to a small range in sampled tree sizes.
Unit area tree and stand maximum N productivity
The individual tree data were calculated on an area basis (in square meters). Relationships were calculated for the individual-tree aspen, balsam poplar, and white spruce data sets (Table 2 ). In addition, regressions were developed for a combination of the tree and stand unit area data sets for each of the species (Table 2 ). The birch data set represented too small a range in foliar biomass per unit area (in kilograms per square meter) to allow for the development of a species equation. A single equation for all species and stand types was also developed (Table 2, Fig. 1 ). An attempt was made to develop an equation for the hardwood data set, but this equation was nonsignificant.
Estimated N productivity for individual stands
The N productivity for individual stands was estimated for a successional range of upland and floodplain control stands of the BNZ-LTER program. Estimates of the N productivity were based on measured values of the stand productivity and foliar nitrogen content (Tables 3 and 4 ). The N productivity ranges from 31.6 to 93.0 kg annual growth/kg foliar N for the upland stands and from 31.6 to 136.8 kg annual growth/kg foliar N for the floodplain stands. On an individual species basis the range was from 93.7 for alder on the UP3C site to 20.1 kg annual growth/kg foliar N for alder on the UP3A site. In the floodplain sites the range was from 31.0 for white spruce on the FP4B site to 184.3 kg annual growth/kg foliar N for balsam poplar on the FP2A site (Table 3) .
The maximum N productivity values were calculated based on the all-species equation presented in Table 2 .
The maximum values represented an estimate of potential production per unit of foliar nitrogen content when production was only limited by nitrogen. In the uplands the maximum N-productivity values ranged from 127.6 for the UP2C site to 82.6 kg annual growth/kg foliar N for the UP3A site. On the floodplain the range was from 62.5 for the FP4B site to 121.5 kg annual growth/kg foliar N for the FP2A site (Table 4) . Spruce budworm (Choristoneura fumiferana) was present in the mature white spruce stands for two years during the 1989 through 1993 time period. The spruce budworm will consume the current foliage in a single year so the amount of foliage present will be reduced by one time period for foliage retention which is 6 yr (16% of total foliage biomass). The maximum N-productivity value was reduced by 16% to account for the insect attack (Table 4 ). In addition to insect attacks growing-season moisture deficit would also reduce growth. The moisture deficit was estimated as the difference between precipitation and the potential evaporation for both the upland (50%) and floodplain (59%) sites. These estimates were based on data collected at the primary weather stations of the BNZ-LTER program (P. C. Adams, personal communication). The estimated N productivity represents the value that is calculated from an N-limited growth condition to one that is also affected by insect attack in the white spruce stands and the potential moisture deficit (Yarie et al. 1990 ) in the mature floodplain (FP) and upland (UP) stands (Table 4) .
DISCUSSION
Maximum N productivity
Calculation of the maximum N productivity of individual trees on a unit area basis represents a difficult task based on the standard biomass data sets. The natural growth of trees represents growth that is the result of the environment in which they are growing. Production is limited by a number of factors in addition to the nitrogen nutrition of the tree's foliage. For example, in the simplest case the tree may be growth limited by access to light if it is an understory or intermediate crown class individual. This light limitation then results in a greater decrease in N productivity than just the self-shading factor within an individual crown. The maximum N-productivity curves presented (Tables  1 and 2 ) represent the maximum growth found for the sampled trees. A basic assumption used in this paper is that the selected trees have the smallest amount of growth limitation resulting from light or moisture compared with the other trees within the stand. The true genetic maximum N productivity of the sampled trees is probably greater than the measured values, however the measured trees do represent the highest values found in nature. As a result the true maximum N-productivity equation may at the least have a higher intercept term than that predicted from the sampled data.
The individual trees used in these calculations are part of natural stands within interior Alaska. As a result the natural light reduction for the trees really represents light reduction for stands of trees. The most natural LANDSCAPE N PRODUCTIVITY limitation for individual trees would come from single trees in the middle of an open field. The analysis presented in this paper is then most applicable to individuals growing within a natural stand compared to opengrown individuals. Self-shading then increases from the individual-tree level when the seedlings are small to the closed-stand condition when the plantation or natural stand reaches crown closure. The N productivity-foliar biomass equation for foliar production for a number of stands was calculated by Å gren (1983) . These stands represented timber types found around the world. In general Å gren's data values Table 2 . ‡ Insect attack deficit Ϫ percentage of foliage removed from the tree. § Moisture deficit Ϫ percentage of evaporation replaced by rain during June, July, and August. Based on 1989-1993 actual production presented on a yearly basis. resulted in smaller N productivity values than a calculation of maximum N productivity for total aboveground growth, but these values are in the potential range of the values calculated for the Alaska dataset.
Based on Eq. 4 presented by Å gren (1983) it is possible to get an estimate of maximum needle biomass for the stands. The estimated maximum needle biomass for the white spruce stands was 30 000 kg/ha. The maximum observed needle biomass for white spruce stands was 21 000 kg/ha (Yarie and Van Cleve 1983) . The maximum needle biomass is higher than that measured, but it is still within the range of differences between potential maximum and measured maximum values reported by Å gren (1983) .
The calculation of the maximum N productivity is based on the foliar biomass of the trees and stands and is assumed to be affected only by ageing and selfshading (Å gren 1983) . These values represent the maximum productivity with no change in the nitrogen content of the trees. Fertilizer application will increase productivity as a result of increasing tree foliar nitrogen content either through an increase in percentage foliar nitrogen or an increase in foliar biomass or both. This increase will last until the nitrogen content of the tree decreases through litterfall, tree ageing and an increase in self-shading.
Stand productivity
The measured productivity of the BNZ-LTER stands was compared to the calculation based on the estimated N productivity (Table 4) averaged across the individual stand types (Table 5 ). This method represents a potential means of calculating aboveground stand production from data generated for stand biomass from SAR remote sensing and nitrogen concentrations from multichannel remote sensing. The calculated productivity was in close agreement with the estimated stand productivity especially for all the FP2 and FP4 sites. The average difference between the measured and estimated productivity across all sites is Ͻ0.04 kg/m 2 . This is an indication that the landscape use of the all-species equation, and the estimated reductions in the maximum N-productivity value adequately predict the actual N productivity for the stand. This equation should then be sufficient to estimate productivity across the landscape.
If it becomes necessary to estimate productivity at scales in which individual stand types are required (aspen vs. white spruce, etc.), then the individual stand equations will be required (Table 2) . For example, the estimated productivity for the UP2C site based on the overall equation was 0.12 kg/m 2 (41%) less than the measured productivity (Table 5) . If the individual stand (aspen) equation is used, then the estimated productivity is 0.34 kg/m 2 compared to the actual 0.29 kg/m 2 . The calculation of stand productivity based on Eq. 1 is straightforward for conifer species on a yearly, monthly, or daily basis. The calculation of production for hardwood stands is different because all foliage production falls as litterfall on a yearly basis. In the case of hardwood species a yearly estimate for growth would require that the value for foliage mortality (f in Eq. 2) be considered zero. This would indicate that the yearly calculation is cycled at the time period of maximum foliage biomass for the tree. From this standpoint the tree has not lost any litterfall. This assumption does not allow analysis of the growth function on a time interval shorter than a single year. This formulation was very good in developing estimates of aboveground production of the hardwood stands (UP2, FP2, and FP3) ( Table 5) .
Several of the sites had a combination of both hardwood and softwood species (Table 3) . The estimated productivity presented in Table 5 is based on an estimation of the foliar biomass and nitrogen content for the entire stand. The stand N productivity was then estimated using the all-species equation for each site replicate (A, B, and C) and then averaged for that site type. In general, this procedure was found to do an excellent job of estimating the productivity for the entire data set using Eq. 1. For the one site that was composed entirely of aspen (UP2C , Table 3 ), the estimation of the stand's production using the all-species equation and the same moisture deficit value was low. The large difference between estimated and measured productivity for this stand could be a function of two factors. First, the all-species equation could result in an underestimate of the N productivity for aspen stands. When the aspen equation is used (Table 2) , the estimate is very accurate compared to the measured productivity. In this case the moisture deficit of 50% is still used.
All species within the Alaskan taiga are more drought sensitive than aspen. If aspen is then assumed not to be drought sensitive and the aboveground productivity is estimated with no moisture deficit effect (Table 4) , the estimated production is 0.34 kg/m 2 . This value is very close to the measured value for the aspen site (UP2C).
The utilization of either of the equations (individual tree or unit area) for development of landscape-scale estimates of productivity will require a number of driving variables for model development. Two that have already been mentioned are the foliar biomass for the area and the nitrogen concentration of that biomass. These values can be obtained from the SAR satellite and the advanced very high resolution sensor. The additional data set that would be required would be an estimation of the moisture deficit for the site. In some areas of the country this may not be a factor; however, for the boreal forest in interior Alaska this will be required. In any event, it is now possible that this set of equations can be used in a geographic model developed within a GIS software package in which the landscape unit is an integral part of the model structure.
